M yocardial infarction (MI) is one of the leading causes of cardiac mortality, morbidity, and dysfunction. 1 The time course of ventricular dysfunction is arbitrarily divided into 2 periods. MI produces cellular death and thus leads to complete loss of contractile function in the infarcted region (acute phase), whereas there is no necessary change in contractile function in other regions. In survivors, there is a remodeling of the noninfarcted area that underlies the second phase of dysfunction. Heart failure (HF) is frequently seen during and after this period of remodeling. 2 Dysfunction of ventricular myocytes develops in many cardiovascular diseases. In hypertension, there are changes in contractile protein isoforms, 3, 4 ionic currents, 5, 6 ion transporters, 7 and Ca 2ϩ signaling, 8 and cellular hypertrophy is observed. 2 Ca 2ϩ -signaling alterations appear to go through 2 phases, 1 associated with early components of hypertension 3, 4 and 1 revealed as HF develops. 8 A similar array of molecular and cellular changes is produced by other insults that lead to HF. 9 This report presents a cellular investigation of HF in a rat model of post-MI (PMI) remodeling after coronary artery ligation. 10 The work identifies specific cellular changes that are observed in cardiac myocytes after MI and shows how a controversial therapy (cardiotonic steroids) can act to improve cellular function.
Methods

Induction of MI
Male Wistar rats (180 to 200 g) were used to produce MI as previously described. 10 Age-matched rats were used as controls.
Some of the animals were used for hemodynamic measurements (Table 1) . Furthermore, before they were euthanized, animals underwent blood pressure measurements or echocardiography (Table 1) . Blood pressure was measured in conscious animals as described earlier. 8 M-mode echocardiography was performed in anesthetized animals (ketamine 50 mg/kg and xylazine 10 mg/kg).
Cell Isolation and Recording Techniques
Ventricular cardiac myocytes were isolated by standard enzymatic techniques. 8 After isolation, cells were stored in DMEM (1.8 mmol/L CaCl 2 ); cells from the left ventricular free wall were used for the study. 11 Whole-cell current was monitored with an Axopatch 200A amplifier and recorded with pCLAMP-6.01 (Axon Instruments). Series resistance was electronically compensated to 40% to 60%.
Calcium current (I Ca ) was elicited by 100-ms step depolarizations according to a protocol previously described. 8 
Results
MI produces a dramatic change in cardiac output and may be lethal. In the animal model used here, Ϸ40% of the animals died during the first 2 days. We waited 6 months because in our hands, this is the time when consistent HF is presented in PMI rats. Visual inspection revealed large scars on the left ventricular free wall. Table 1 characterizes the cardiovascular properties of the surviving animals, indicating that PMI animals were suffering from HF. Table 2 shows that there was cellular hypertrophy.
Cellular Alterations
To investigate whether excitation-contraction coupling (ECC) was altered after MI, isolated cardiomyocytes were examined by electrical and optical methods. A loading protocol (see Methods) was used to normalize SR Ca 2ϩ content. The similarity of the SR Ca 2ϩ load was verified by a caffeine-release method. 8 This procedure was carried out because SR Ca 2ϩ -ATPase (SERCA) levels are decreased in HF 7, 12 and may affect our results and interpretation. Figure 1 shows representative examples of depolarizationactivated signals from control and PMI ventricular myocytes. 8 Averaged data are plotted as a function of voltage in Figure  2 . The decreases in cell shortening ( Figure 2A ) and [Ca 2ϩ ] i transient ( Figure 2B ) observed for PMI cells are statistically significant compared with control cells over a wide range of membrane potentials. I Ca density was maintained ( Figure 2C ), however, suggesting that changes in I Ca density cannot account for the contractile dysfunction observed in PMI cells. Additional explanations include the "myosin isoform shift hypothesis" 4 and the "Ca 2ϩ -signaling hypothesis" 8 ( Figure 2D and Discussion).
The reduction of the [Ca 2ϩ ] i transient for PMI cells shown in Figure 2 would not have been predicted if the only significant cause of the contractile dysfunction were changes in the contractile proteins. 4 The Ca 2ϩ -signaling hypothesis is consistent with the data in Figure 2 but requires further testing. To investigate the importance of Ca 2ϩ signaling, an inotropic agent was applied. The cardiotonic steroid ouabain was chosen because it has no known direct actions on contractile proteins and has established actions on Ca 2ϩ signaling (see below). Figure 1C shows records obtained in the same PMI myocyte as displayed in Figure 1B Figure 2D ). It is best to measure gain at fairly negative potentials because the opening of a single L-type Ca 2ϩ channel at these negative potentials can trigger a single Ca 2ϩ spark. 13 The decrease in gain seen in PMI cells was restored by ouabain application.
Because the decrease in gain appears to play a role in the contractile dysfunction in PMI cells, we were interested in determining why the [ Figure 4B ) that is restored back to control by ouabain ( Figure 4C ). There is, however, a small residual rounding of these trajectories that may reflect alterations in the contractile proteins (see Discussion). Figure 4D shows plots of peak contraction versus peak [Ca 2ϩ ] i transient and is consistent with data shown in Figure 4A through 4C.
In vivo, the decreases of [Ca 2ϩ ] i transients in PMI cells will be influenced by changes in action potential duration (APD), which is prolonged in HF. APs were recorded in control and PMI myocytes and used to control voltage. Figure 5 
Discussion
Changes that contribute to contractile dysfunction in ventricular myocytes after MI were examined in this article. The reduction of SERCA 7,12 must play an important role in the altered Ca 2ϩ signaling observed in this model of HF. Data presented here, however, suggest that when SR Ca 2ϩ content is normalized, PMI cells still present a significant defect in Ca 2ϩ signaling: the ability of Ca 2ϩ influx (through L-type Ca 2ϩ channels) to trigger SR Ca 2ϩ release is reduced. Under our experimental conditions, changes in contractile proteins 4 do not appear to be a major factor. The importance of defective Ca 2ϩ signaling in the cellular pathophysiology of PMI myocytes shown here has many implications for medical therapy and challenges our understanding of HF.
The contractile dysfunction and altered Ca 2ϩ signaling that develop after MI are similar to those observed in other models of HF. 8, 9, 15, 17 To date, 2 molecular interventions that alleviate HF have been identified: restoration of ␤-adrenergic receptor function 15, 18 and augmented SERCA function. 19 Leblanc and Hume 21 ). This possibility is examined in Figure 6 . (3) Ca 2ϩ flux through Na ϩ channels occurs (ie, through slip-mode conductance). This does not apply to the data in Figures 1 to 3 because I Na is inactivated, but it probably applies in part to Figure 5 , because the effect is blocked by TTX. (4) There may be a novel action of ouabain to directly activate the ryanodine receptors (RyRs). 22 Leblanc and Hume 21 suggested that I Na could provide sufficient Na ϩ influx to activate Ca 2ϩ entry through the Na ϩ /Ca 2ϩ exchanger even during a single AP. To enable the brief Na ϩ influx to significantly elevate [Na ϩ ] i , a subsarcolemmal region around Na ϩ channels with reduced diffusion, the "fuzzy space," was hypothesized. 23 To test this possibility, we examined the actions of instantaneous Na ϩ -pump blockade on [Ca 2ϩ ] i transients and contraction on control cardiac myocytes. We produced a maximal Na ϩ influx by applying an AP clamp to activate I Na after removal of extracellular Cs ϩ (in K ϩ -free solutions) to completely block the Na ϩ pump 24 ( Figure 6 ). If the mechanisms of Leblanc and Hume 21 and of Arnon et al 25 were relevant to the enhanced contractions produced by ouabain ( Figure 5) , then an increase in [Ca 2ϩ ] i transients and contraction should be seen after complete Na ϩ -pump inhibition in control cells. There was no statistical difference, however, in the measured [Ca 2ϩ ] i transients ( Figure 6B and 6C). This finding is similar to that reported by Su et al 26 under similar conditions. From this and the fact that the effects in Figure 5 are blocked by TTX, we conclude that the positive inotropic effects of ouabain occur at least in part through the activation of The efficacy of I Ca to activate SR Ca 2ϩ release is reduced in PMI cells. In the absence of changes in other elements in the Ca 2ϩ -signaling cascade, a spatial change in the organization of the ECC elements is the simplest explanation. If the L-type Ca 2ϩ channels, on average, were more distant from the RyRs, then the probability that the opening of a Ca 2ϩ channel would activate Ca 2ϩ release would decrease. 8 There are several topologically equivalent changes in cellular structures that could lead to such changes: reorganizing the distribution of the L-type calcium channels or the RyRs with respect to each other ("mismatch"), increasing the separation of the transverse tubules from the SR ("gap"), or T-tubule remodeling ("orphan") ( Figure 7 ). Some recent evidence favors the third possibility. 27, 28 It is thus possible that the ECC defect reflects T-tubule remodeling that cuts off, or orphans, SR from the triggering Ca 2ϩ signal. During the early phase of such hypothesized cellular remodeling, the increased distance between triggering Ca 2ϩ influx and RyRs makes activation of SR Ca 2ϩ release less likely. By itself, however, such a change would lead to only transient changes in [Ca 2ϩ ] i transient amplitude, because higher than normal levels of SR Ca 2ϩ would result. 29 Indeed, the orphaned SR phenomenon may also explain the large Ca 2ϩ sparks reported in the early phases of hypertensive cardiomyopathy. 30 An agent that increases Ca 2ϩ entry or the sensitivity of the RyRs to be triggered by Ca 2ϩ would effectively reverse or reduce this effect, as has been observed with ␤-adrenergic receptor activation or ouabain application.
What Is the Initiating Cause of the Ca 2؉ -Signaling Defect?
It is clear from the discussion above that Ն2 defects are involved in the development of the Ca 2ϩ -signaling defect in HF: SERCA is expressed at a lower level, and the efficacy of calcium-induced calcium release is reduced. It is not clear which of these 2 events precedes the other or whether there is any causal relationship.
Conclusions
We conclude that PMI cells have a contractile defect that involves altered Ca 2ϩ signaling as a major component. Changes in AP shape may serve as a means of slightly increasing Ca 2ϩ entry and hence contractility, but compensation is not complete. Increased contractions with the cardiotonic steroid ouabain confirm the importance of Ca 2ϩ -signaling defects in the contractile dysfunction of the PMI heart. This also suggests that activation of slip-mode conductance of the cardiac Na ϩ channel by ouabain can improve the Ca 2ϩ signaling in PMI cells and that Na ϩ -pump inhibition produced by ouabain will provide a further beneficial effect that depends on [Na ϩ ] i and increased SR Ca 2ϩ content.
